DNA polymerase (Pol) proofreading and mismatch repair (MMR) defects produce 27 "mutator" phenotypes capable of driving tumorigenesis. "Ultra-mutated" cancers with defects in 28 both pathways exhibit an explosive increase in point mutation burden that appears to reach an 29 upper limit of ~250 mutations/Mb, which may be evidence for negative selection. Simultaneous 30 defects in proofreading and MMR drive error-induced extinction (EEX) of haploid yeast. Some 31 yeast mutants escape extinction through antimutator mutations that suppress the mutator 32 phenotype. We report here that other yeast mutants escape by spontaneous polyploidization. 33 We sought to compare these two adaptive strategies during the evolution of haploid and diploid 34 mutators. We first evolved 89 independently isolated haploid mutator strains with mutation rates 35 an order of magnitude below the lethal threshold. Polyploid cells overtook nearly every culture.
Introduction 171 text S1, S3 Fig) . Thus, the predominance of MATa/MATa or MATα/MATα isolates suggests that 172 the diploids in our evolving populations arise primarily by spontaneous polyploidization.
173
If becoming diploid buffers haploid mutators from deleterious mutation accumulation, then 174 being a tetraploid may confer an additional advantage. To test this idea, we isolated 175 MATa/MATa and MATα/MATα diploid cells from different evolved cultures by microdissection 176 and mated their daughter cells. We moved the parental diploid cells as well as the resulting 177 tetraploid zygotes to distinct locations on the agar plates to form colonies (Fig 2A) . We then 178 mixed each parent diploid strain separately with their tetraploid progeny at different ratios (100:1, 179 10:1, 1:1, 1:10, 1:100) and grew them in competition. The tetraploids overtook the parental 180 diploids in 7 out of 8 competitions, providing strong evidence that tetraploidy buffers these 181 mutator strains from deleterious mutations ( Fig 2B) . But it is unclear from this experiment 182 whether tetraploids would be similarly favored during the evolution of diploid mutators. The 183 diploid cells used here carry homozygous mutations that arose prior to spontaneous 184 polyploidization, which can only be buffered by mating. Such mutations would be heterozygous 185 from the inception of a strong diploid mutator phenotype.
186
To understand how diploid mutators adapt to the threat of extinction, we again took an 187 evolutionary approach. We first estimated that it would take an eex mutant 200 generations to 188 overtake a pol3-01/pol3-01 msh6Δ/msh6Δ diploid culture if lethality was driven solely by 189 homozygous inactivation of essential genes [17] (S4 Fig, Dataset 1) . We isolated numerous 190 independent pol3-01/pol3-01 msh6Δ/msh6Δ zygotes by mating freshly dissected pol3-01 msh6Δ 191 haploids ( Fig 3A) . We evolved 89 clones through ~300 generations, monitoring ploidy at the T1, 192 T10, T19, and T27 transfers ( Fig 3B) . Only a single pure tetraploid culture emerged at the end 193 of the experiment. To assay for antimutator phenotypes, we isolated independent subclones 217 although generally not from each other, consistent with the antimutator phenotype arising prior 218 to their divergence ( Fig 4D, S6 Fig) . Particularly sharp decreases in the relative abundance of 219 C:G→A:T mutations were observed in the branches of all trees. Despite these similarities, the 220 spectra of unique mutations from different evolved cultures were often statistically different from 221 each other, suggesting that the antimutator alleles altered replication fidelity in distinct ways ( 
237
To test the hypothesis that pol3 mutations are under positive selection, we compared the 238 ratio of nonsynonymous and synonymous mutations (dN/dS) across the genome using dNdscv, 239 an R-program which normalizes the observed dN/dS ratio by the 192-trinucleotide mutation 240 spectra of each gene before assessing whether the observed ratio departs from neutrality 241 (dN/dS = 1) [29] . We analyzed the mutations from the trunks of the 8 lineages and found that 242 only pol3 mutations are under positive selection (q = 0.004, corrected p-value using Benjamini 243 and Hochberg's false discovery rate). Mutations in other genes, within the resolution of this 244 dataset, accumulate in a neutral fashion. The genome-wide dN/dS ratio for the trunk mutations 245 was 1.0, as was the dN/dS ratios for subclasses of trunk mutations involving missense or 246 nonsense mutations ( Fig 4E) . Repeating this analysis for the 23 unique sets of mutations from 247 the branches failed to reveal any other genes under strong selection after adaption. Intriguingly, 248 the genome-wide dN/dS ratio for nonsense mutations was 0.8, indicating that negative selection 249 begins to act against the most deleterious class of mutations during extended propagation of 250 these lines. When the mutations found in trunk and branches are combined, evidence for 251 negative selection remains, but pol3 mutations do not emerge from the multiple testing correction 252 as significant. Thus, the identification of antimutator mutations by dNdscv during the evolution 253 of mutator-driven tumors may be masked without phylogenic information.
254
Discussion 255
Cell lineages with ultra-mutator phenotypes face a progressive loss of fitness and even 256 extinction unless they adapt by becoming polyploid or acquiring antimutator mutations. The 257 competition between polyploids and antimutators during the evolution of mutators is influenced 258 by the rate at which they arise and the extent to which they preserve or even enhance fitness.
259 In our study of pol2-4 msh2Δ haploids, we found that two-thirds of cells sampled from the 260 perimeter of the initial colonies (<20 cellular generations) were inviable, illustrating the strong 279 mutants to emerge. The rate of tetraploidization of diploid yeast is unknown, but it may be 280 comparable to the diploidization of haploids. The pol3-01/pol3-01 msh6Δ/msh6Δ cells exhibit a 281 five-to ten-fold higher mutation rate than pol2-4 msh2Δ haploids. Together, these two 282 observations would seem to favor the emergence of antimutators over polyploids. However, 283 mutator suppression requires at least two independent pol3 mutations, whereas only a single 284 event is required for polyploidization. Part of the success of diploid antimutators may stem from 285 the fact that they are already buffered from deleterious mutations. Moreover, heterozygous 286 antimutator mutations may provide incremental protection from extinction, giving time for 287 additional antimutator mutations to occur that give more complete protection. Evidence 288 suggests that tetraploids may be inherently less fit than diploids [32] . Tetraploids are known to 289 suffer higher rates of genomic instability and depend more heavily on factors involved in 290 homologous recombination [35] . In the context of a mutator phenotype, a higher rate of 291 homologous recombination in tetraploids would limit buffering of deleterious mutations by 292 promoting loss of heterozygosity.
293
The ease with which diploid yeast mutator cells adapt to the risk of error-induced 294 extinction suggests that similar events may occur during the evolution of mutator-driven cancers.
295 The simplest antimutator change available to tumors that carry a heterozygous POLE allele is 296 simply to inactivate or suppress the mutator allele. But other changes that attenuate the mutator 297 phenotype may also be possible. Recent evolution studies in diploid yeast pointed to 298 unconventional mutator phenotypes caused by heterozygous mutations in house-keeping genes 299 [36] . If mutation rate can be enhanced by such mutations, perhaps it may be attenuated as 300 well. While our dN/dS analysis only found evidence for selection acting on the POL3 gene, we 301 observed variation in mutation rate within the same phylogenic tree suggesting that other 302 antimutator mutations exist within the thousands of mutations present within these genomes.
303 The vast phenotypic space created by combinations of heterozygous mutations may be critical 304 to understanding the evolution of mutation rate in diploids. 
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